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accuracy and reliability. The aim of this review was to report the metrological properties of 3D 25 scapular kinematic measurements using cutaneous markers and to make recommendations based on 26 metrological evidence. 27
A database search was conducted using relevant keywords and inclusion/exclusion criteria in 5 28 databases. 19 articles were included and assessed using a quality score. Concurrent validity and 29 reliability were analyzed for each method. 30
Six different methods are reported in the literature, each based on different marker locations and post 31 collection computations. The acromion marker cluster (AMC) method coupled with a calibration of 32 the scapula with the arm at rest is the most studied method. Below 90-100° of humeral elevation, this 33 method is accurate to about 5° during arm flexion and 7° during arm abduction compared to palpation 34 (average of the 3 scapular rotation errors). Good to excellent within-session reliability and moderate to 35 excellent between-session reliability have been reported. The AMC method can be improved using 36 different or multiple calibrations. Other methods using different marker locations or more markers on 37 the scapula blade have been described but are less accurate than AMC methods. 38 provides even more complete information on the dysfunction of the whole shoulder girdle. 23
Introduction
The main obstacle to performing such a detailed analysis is the difficulty in finding a valid and reliable 24 method to record scapular motion. Among the various techniques available (radiography, magnetic 25 resonance imaging, fluoroscopy, inertial sensor, goniometer, etc.) for the measurement of in vivo 26 scapular kinematics, cutaneous marker based methods (electromagnetic (Johnson et al., 1993 ; van der 27
The quality of the reviewed articles is summarized in table 6. 10
Six of the reviewed studies had a quality assessment score above 80% (Hebert et 
24
The AMC or the scapula tracker used with a calibration at rest provides an accurate estimation of ST. 25
Above 90° of thoraco-humeral elevation, the scapula tracker seems to be more accurate, 
Statistical tools and methodology designs

25
The Root Mean Square (RMS) error between the tested method and the method of reference was 26 generally used to quantify errors. In most of the studies, an ANOVA with the independent variables: 27 measurement method and humeral elevation was then performed to show if there was a significant 28 difference between the method and the reference method. One study used Pearson's correlation 1 coefficient and RMS to evaluate the accuracy. No studies performed sample size calculations. 2
The intra-class coefficient was generally used to assess reliability with the standard error of 3 measurement. 4
Discussion
5
Advances in motion analysis systems have made the recording of 3D ST joint motion possible, thus 6 providing a more physiological measurement of shoulder kinematics. This systematic review included 7 19 studies which evaluated the metrological properties of 6 different marker based methods and 8
showed the difficulty of setting one method as a reference for everyday clinical and research practice. 9
The most evaluated method was the AMC with a calibration of the scapula with the arm at rest. Below 10 90-100° of humeral elevation, this method is accurate to 5° for flexion and 7° for abduction compared 11 to palpation and depends highly on the position of the AMC on the acromion process (Shaheen et al. No standardized AMC has been developed and therefore, each motion analysis laboratory which 12 carries out measurements of shoulder and scapular motion has created its own. Moreover, there is no 13 consensus regarding the design and dimensions, the diameter of the markers or its weight. We 14 recommend a light AMC with 3 well spaced out markers or electromagnetic receiver, which do not 15 contact the skin during movements, placed at the meeting point between the acromion and the scapular 16 
Validation issues 25
Studies of concurrent validity were generally performed on healthy young adults and on typically 26 developing children and children with hemiplegic cerebral palsy. The AMC has not been validated in 27 pathological populations other than children with cerebral palsy, neither has it been validated in 28 athletes with a large muscle mass. The validation is also generally performed during flexion and 1 abduction. However, the validation of the AMC during functional movements such as hand to pocket, 2 hand to head or hand to mouth might generate other results regarding accuracy. 3
The scapula locator is the method generally used to validate the different methods and is considered as 4 'silver standard' (Cutti and Veeger, 2009). Indeed, de Groot (1997) stated that there is a palpation error 5 of about 2° which could increase the risk of validity errors. 6
The gold standard remains intra-cortical pins and has been used, for instance, to evaluate typical 4 research teams published 10 of the 19 papers included. Since it is known that reliability is very 26 observer dependent, the good to excellent results found in most of the reliability studies may be lower 27 when using the method for the first time. This may also affect the generalization of the results of this 1 review. 2
Only 6 papers had quality scores above 80%. Although we highlighted the main results of the high 3 quality papers we did not exclude low quality papers. One statistical issue which was common to all 4 studies was the lack of sample size calculation. Recommendations exist for power and a priori sample 5 size calculation for reliability studies that could be used in ST measurement validation studies 6 (Eliasziw et al., 1994). Future studies should carry out such calculations in order to produce high 7 quality studies. 8
Most of the validation studies have been carried out in healthy populations and may not be valid in 9 pathological or sports populations. Shoulder bone deformities which occur in some pathologies 10 (arthritis, hemiplegia or obstetrical brachial plexus palsy) or differences in muscle mass may affect the 11 validity of the tracking method. Further validations should be carried out in the specific populations 12 that are targeted by these methods. 13
It is also difficult to compare studies due to the different Euler sequences used for thoraco-humeral 14 elevation (both flexion and abduction), the different levels of maximal humeral elevations and the 15 standardization or not of humeral elevation between subjects, and the placement of the AMC. Jaspers, E., Feys, H., Bruyninckx, H., Harlaar, J., Molenaers, G., Desloovere, K., 2011a. Wu, G., van der Helm, F. C., Veeger, H. E., Makhsous, M., Van Roy, P., Anglin, C., Nagels, Are the characteristics of the subjects (height, weight, sex, healthy or pathologic subject) described? Q7
Is the motion analysis system described? Q8
Are marker locations including thorax and humerus accurately described? Q9
Are the movement tasks defined? Q10
Is the gold standard defined? Q11 Is the accuracy computation described? Q12 Is the reliability computation described? Q13
Are the statistical tools used to show significant differences? Q14
Are the results about the accuracy described? Q15
Are the results about reliability described? Q16
Are the results interpretable? Q17
Are the limitations of the study discussed? Q18 Is the conclusion clearly stated? 24 0 (no description), 1 (limited description) and 2 (good description) 25 26 27 
